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Motivation BROOKHRVEN

K*—=1I "DV is the rarest process ever detected in Particle Physics. It can
give a direct and independent measurement of |V 4l, the smallest and

most elusive element of the CKM matrix

The Kaon Unitarity triangle: V  V +V_ V., +V,V, =0
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Measurements of unitarity triangle SRefoE
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A better determination of V , from K* - mm*vv will provide a sensitive

test of the SM by comparing the results from the K and B sector and
probe new physics



The SM K* - v BR BROOKHIVEN

* All processes at 2" order, with main contribution of t in the loop

* Very clean calculation (precision < 5%, uncertainties mainly from ¢ sector)
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MNATIONAL LABORATORY

 3-body decay w/ 2 missing particles: 0 < p_, < 227 MeV/c U

Signal: 11" + nothing , backgrounds need to be vetoed ~ 10-!! !

* Need

* particle identification (PID)

* all other charged particles vetoed < 103

* redundant precise kinematic measurements
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The measurement, backgrounds

Latest result on PNN2
will be presented
Background BR (x1077) Suppression method
PID | veto | TG | time
Kt — 7t7° (K,) 209.2 - NN
Kt — mtmoy (Kpo,) 0.275 RN
K+ — mouty (K ;) 33.2 v VY
K+ — pfvy (Ko, 6.2 v v -
Kt — gtrety (Ko 0.041 - N N
Peam backgrounds
single beam v - v
double beam - - NN -
CEX: K+n — K°p Ry, =2.8x107° v v (\/)
K = ntpy v 135.0
K —ntew 194.0
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The beam
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* The AGS extracts ~ 65% 10! protons at 22 GeV/c over a 2.2 sec spill,

every 5.4s

* They are shot on a platinum target and particles produced at ~ 0° are sent
to the Low Energy Separated Beamline (LESB III), where K* are
electrostatically separated from II* and focused

* Finally in the E949 target, ~ 3.5% 10° K*/spill arrive and stop, with a ratio

of K/11 ~ 2.5-3



srooxnrveN. The measurement w/ E949 detector

Barrel
Veto

* Incoming 700MeV/c beam K*:
1dentified by ckov, WC, scint. hodoscope
(B4). Slowed down by BeO and AD

* K* stops & decays at rest in scintillating
fiber target — measure delay (2ns)

* Outgoing I1* : verified by IC, VC, T
counter. Momentum measured in UTC,
energy & range in RS and target

(1T magnetic field parallel to beam)

* I1* stops & decays in RS — detect
II* -1+ —»e* chain

Photons vetoed hermetically in BV-
BVL, RS, EC, CO, USPV, DSPV

* New/upgraded elements



srooxnrveN. The measurement w/ E949 detector
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* Incoming 700MeV/c beam K*:
1dentified by ckov, WC, scint. hodoscope
(B4). Slowed down by BeO and AD



srooxnnven. The measurement w/ E949 detector

* Incoming 700MeV/c beam K*:
Veto ™ — 1dentified by ckov, WC, scint. hodoscope
(B4). Slowed down by BeO and AD

* K* stops & decays at rest in scintillating
fiber target — measure delay (2ns)
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srooxnnven. The measurement w/ E949 detector

* Incoming 700MeV/c beam K*:
1dentified by ckov, WC, scint. hodoscope
(B4). Slowed down by BeO and AD

Barrel
Weto -

BWL
Range
Stack &

* K* stops & decays at rest in scintillating

fiber target — measure delay (2ns)

* Outgoing 11* : verified by IC, VC, T
counter. Momentum measured in UTC,
energy & range in RS and target

(1T magnetic field parallel to beam)




srooxnrveN. The measurement w/ E949 detector
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Barrel
Weto -
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The measurement w/ E949 detector

* Incoming 700MeV/c beam K*: .
identified by ckov, WC, scint. hodosco
(B4). Slowed down by BeO and AD

* K* stops & decays at rest in scintillating
fiber target — measure delay (2ns)

* Outgoing I1* : verified by IC, VC, T
counter. Momentum measured in UTC,
energy & range in RS and target

(1T magnetic field parallel to beam)

* IT* stops & decays in RS — detect
II* -1* -»e* chain

* Photons vetoed hermetically in BV-
BVL, RS, EC, CO, USPV, DSPV




BROOKHAVEN What’s new in £E949?

Barrel * 10787 /£949 1995-2002 Dato Toking Summary
Veto — |— 3000 e e / -
2500 |
Ezunui d
£ | ooz 559‘71/ 194899 (€787)
v B H
§15nu_ i @@'
[ [+] I :
B4 \\_ Target ppy o / A &
Drift Chamber 5 1000} f e&—
r ’-/4\,,
| / S
. snu: y /I
New/upgraded PV elements A
ol i L4t i ng nin)

“ More protons from AGS
“ Improved tracking and energy resolution

0 25 50 75 100 125 150 175 200
days from beginning of run

“ Higher rate capability due to DAQ, electronics and trigger improvements

* Lower beam duty factor

x Lower proton energy
* Problematic separators, worse K/II ratio



BRomavEN Peculiarities of the PNN2 region

“ More phase space than PNN1 Decay product (II* or J1*) range

« Probes different part of p, spectrum - in scintillator vs momentum:
enhance validity of PNN1 result * 2-body decay peaks

* More backgrounds, difficult to disentangle * multi-body decay and 11*
from signal and from each other scatter bands

Main background: Kp2 scatters in the Target ° Scattering tails

* Simultaneous shift in range AND momentum

* Photons head near beam direction, the weakest
PV region of the detector

Pi+

Gammal

Dacay
"\-‘.“
l"‘.
I‘.‘
.

FIBER TARGET

120 140 160 1850 200 220 240 260 280
P {MeV/c)

Camma? Kaon Hit Fibers



sneened=t. Tools to suppress main background

* Improved Photon Veto, especially near the beam
* Optimize at the Kp2 peak, check performance with xy-scatters

* Measure rejection on different samples of scatters tagged by different
“target quality” criteria [1 get a central value and the systematic error

* Improved algorithms to identify IT* scatters in target:
* Transverse (Xy-scatters) — pattern finding, fit quality

* Longitudinal (z-scatters) — double pulse in the fiber due to the scatter,
disagreement between TG and UTC information

(o Kp2 peak c fo '] Kp2 target scatters |-
2 » \\ W fc1@ Ec2 M Bv1 é r Lo
n Eo l T W fC1M EC2M B
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wewreen - Tools to suppress main background

* Improved Photon Veto, especially near the beam
* Optimize at the Kp2 peak, check performance with xy-scatters

* Measure rejection on different samples of scatters tagged by different
“target quality” criteria L1 get a central value and the systematic error

* Improved algorithms to identify II* scatters in target:
* Transverse (xy-scatters) — pattern finding, fit quality

* Longitudinal (z-scatters) — double pulse in the fiber due to the scatter,
disagreement between TG and UTC information

run 48584 event 54303 . Run 50218 Event BES23 ek 11.73 tk 0.918 tpi 17.096
5 93.407 MeV/c rtot 26.0806 . -
g PIO1193.407 Mev/c rior2e.0806| Xy target View: uo Sngle ion
- Prob  0.12 0.975 0.975
Kaon fibers Time 0.193 0.008 12.097
6 Energy 11.751 10.629 1.121
. . Ampl  1010.5 936.394  98.B38
Pion fibers
4 .
- extrapolated pion track
2 |
— 0 20 40 60 ) 100 120
o | ; ﬂf" Ea K fiber 107 Raw High Gain
ol [#3 Single Fion
Bt 40 Prob  0.456 o 0
2 33 Time  0.989 o 0
30 Energy 11.751 o ]
25 Ampl  312.271 o] 0
4L 20
15
10
6 5
05
of
-5
s | | ! | ! \ [ 0 10 60 0 100 120

r L L L L I I I L L L &
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Analysis strategy

* “Blind” analysis: don’t examine signal region until all backgrounds are verified

*To avoid bias, tune cuts using randomly selected 1/3 of the data, then measure
background with remaining 2/3

* A priori 1dentification of background sources

* Suppress each background source with at least two independent cuts

Background PR (x1077) Suppression method
PID | veto | TG | time
K+ — gtm® (K,,) 200.2 - NN v -
K+ — mtroy (Kra,) 0.275 - VVV - -
Kt — ?TGP[."‘.U (:f*f“g) 33.2 \/ \/\/ - -
K+ — ptvy (K,,) 6.2 V V - -
Kt — gtr—etv (K.4) 0.041 - v i -
Beam backgrounds:
single beam - Vv - - vV
double beam - - Vv - -
CEX: K*n— K°p | Ry, =28x10°° | - v | v I

K —ntum 135.0
K} —wnte v 194.0




Bifurcated analysis BROGUHAVEN,

* Background cannot be reliably simulated [1 measure with data by inverting
cuts and measuring rejection

* For backgrounds that cannot be reliably isolated in data, use MC to
measure rejection and data for normalization

= if cut!,cut2
¢ uncorreloted,
Bl D
A/B =C/D
signol region —A| C A=BC/D
cut?
Bl D Bl D
A C A C
invert cut1 apply cut2
B+D events B events
B[ D B| D bg = B/(R-1)
= BC/D
Al € Al C
invert cut2 apply cut1

C+D events R = {C+D)/C



K* - m'm° TG scatters

II* momentum (MeV/c)

10

| | | | l |
140 160 180 200 220 240 140 160 180 200 220 240

Photon Veto

Target-scatter ID

Select events with photons, apply Select events with target scatter, apply
target quality cuts = region B PV — measure rejection of photon veto
(C+D)/C



Kt II'ire*v

* Ke4 can be a background if the kinetic energy of
the IT" and the e* 1s low, so that they are not detected

* [solate a pure Ke4 sample from data using target

cuts, for normalization

* Find the rejection of those cuts from MC, which
uses the measured energy deposit of the IT

77 * momentum (MeV/c)
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N [ ENTRIES 6595
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BRODKHIAVEN
= MATIOMNAL LABORATORY

* Verify background estimates and

check for correlations by loosening 3
cuts and comparing observed and bg = BC/D B D
predicted number of events
remaining near the signal region signal region A C
(“Outside-The-Box” study) cut2
* Examine events that failed only one . _ E'?;d[;?t_ BC/D I 5 o
8
or two (sets of) cuts, to make sureall 3
background sources have been ond observe y? AL
accounted for (“Single- and Double- outside—the—box region -
Cut-Failure” study) log scale —>
Region Nexp. Nobs. P (Nobs.: Nexp.) Combined
Target-scatter ID  0.7910-2 0 0.45 [0.29,0.62] N/A
Photon Veto 1 9.09713 3 0.02 [0.01,0.05]  0.05 [0.02,0.14]
Photon Veto 2 32.41¢%° 34 0.61 [0.05,0.98]  0.14 [0.01,0.40]




Expected background

MNATIONAL LABORATORY

Process Bkgd events (E949) Bkgd events (E787)
K o-scatter 0.649 4- 0.1507 3% 1.030 £ 0.230
K- 0.076 & 0.007 4- 0.006 | 0.033 & 0.004
Kes 0.176 4+ 0.07270432 | 0.052 & 0.041
CEX 0.013 +0.013%5 03 | 0.024 +0.017
Muon 0.011 +0.011 0.016 + 0.011
Beam 0.001 £ 0.001 0.066 + 0.045
Total bkgd 0.9340.17755; 1.22 +0.24
E949 pnn2 E787 pnn2

Total Kaons 1.70 x 10%? 1.73 x 10%?
Total Acceptance | 1.37 x 1073 0.84 x 1073
SES 43 % 1071 6.9 x 1010

Compared to the E787-PNN2 analysis, the total background decreased

by 24% and total acceptance increased by 63%



Division of signal region BROOIHAVEN,

* Signal and background are not uniformly distributed in the signal region

= A candidate in a cleaner region is less likely to be background

1* momentum (MeV/c) for signal and Ke4 background

rel. Acc| bkg Acc/bkg

0.314 | 0.152 2.065

0.073 [ 0.038 | 1.921
* Divide signal region into 9 cells, by g:gg; gzgég 122:
varying the PV, kinematic, muon ID g'ggg g'ggg H ig
and delayed coincidence cuts 0.028 | 0.027 [] 1.036

0.006 | 0.007 0.998
0.188 | 0.379 0.496

1 0.93




Likelihood ratio method BROOKHAVEN

Calculate the BR using s./b. of cells where event(s) are found, using the
likelihood ratio method:

e—(s+bi)(si+bi)d
= X = : X X = 4.
Maximize — I_\l i ! P o ~hip 4
d |

where d. the number of candidates in cell 1, n the total number of cells



BROOKHRUEN Opening the box

3 candidate events found !

Eust CE949 -

BR=(7.89"° _ )x10'" 4, [  Simulation ;
Probability that all 3 are due to T I ;
background: 0.037 B E
SM signal+background: 0.056 = | 3 -

25 [ ; .

3 5 5

20 —

0.9 1 ‘ 0.038 | ]
- | -

0.8 i ]
. O 0.019 1 _/ / 1
' O  0.00s i ]
0-6 ] O -l L L1 /l L1 I Ll L1 I Ll L 1 I Ll L1 I L L1 I Ll L1 I L L1 I L1 |I ]

0.059 10 Ll
0.5 - 0.027 50 60 70 80 90 100 110 120 130 140 150
1 O O  0.007 Energy (MeV)
O

Signal-to-Background

0.3 T
0.2 A

0.1 A
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Previous results

E787 E949
PNN1 PNN2 PNN1 PNN2

p(Tt) MeV/c [211,229] [140,195] [140,199]

Stopped K* 5.9x10" 1.7x10" 1.8x10"? 1.7x10%

Background 0.14+0.05 1.22+0.24 0.30£0.03 0.93+0.17

Acceptance 0.0020 0.0008 0.0022 0.0014

S.E.S. 0.8x101° 6.9x101° 2.6x101° 4.3x101°

Candidates 2 1 1 3

BR (x10") 157417 o <22 (90% CL) 147410 o 1737
Candidate E787A Candidate E949A

Candidate E787C
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BROOKHIVEN Combined result

Esf  E787/E949
$ .0 IBST
7 candidate events in total ~ § | vy E
35 E
BR=(1.73*"5 _)x10" 1 __

Probability that all 7 are due to L i
background: 0.001 :
SM signal+background: 0.060 : ‘

N
(&)
|
]

N

o
T
i

15 F | ]

10 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
50 60 70 80 90 100 110 120 130 140 150

Energy (MeV)

Central value, although still ~ 2x SM , it
Is consistent with it within errors...



BROMIARIEN Progress and future prospects
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* Obviously, more statistics are
needed - it would have been nice

if E949 had all its promised
running time...

* Fortunately others have taken
over: NA62 at CERN, E391a at
JPARC, Project X at Fermilab(?)



BROOKHIVEN ConduSionS

* E787 upgrade into E949 worked as expected

* Final bit of the puzzle 1s now in place (PNN2 measurement), and
E787/E949 have a final and definitive result

* Thanks to detector upgrades and deeper understanding of the
analysis techniques, the PNN2 study was fruitful and observed 3
candidate events with an expected background of ~1

* The combined BR measured by E787/E949 in both kinematic
regions is BR(K*—1m*vv) = (1.73*'7 ) x 10", which is still
consistent with the SM

* More experiments are running or are under preparation, set to
constrain the CKM parameters from the Kaon sector — good luck!






CKM matrix

The CKM matrix relates weak with mass eigenstates. In the
Wolfenstein parametrization,

1 1
0 1-— ) AN (p-in)D
Hvud Vus Vub% D 2 Aq D
_ _ ' j ]
VCKM _@Vcd € VCbQ_% _A 1_2_ AA D
v, 7, T, Uy i1 - =m0 = 1 )! 1 ]
d L VNIEY RSURREED :
1 1
h N N
wnere P'PH Q_H ! U'UH Z_H

CP violation arises from the irreducible phase of V., ,
because 1t’s 3x3 (3 generations)



-ram

//— RANGE STACE
MICRGCTLLAR

TRON
SARREL

B E
|y (O
IR LT
: v = !%zzq:::—
i

x\\

The E949 detector

N
i J‘J%H‘\H\
oo

v
N
£

,.,,f/ﬂx
)

Ty,
II" =
1 .
M‘H“\. .a"'.-" i .-"' '1-."‘~."~-~ "'x“h."&

77z a0 'Y i e
DN

NN g




Photon Veto improvement

.
10

10

l'otal Rejection Factor

~ 2 X better rejection at nominal  10°
PNN1 acceptance (80%) or

~ 5% more acceptance with E787 L
1 1 ! 0.3 0.4 0.5 06 0.7 0809
reJeCthn ’ Total Acceptance

* (Good news for PNN2 as well...
E787, E949



Analysis strategy (1)

* “Blind” analysis: don’t examine signal region until all bg are verified

* To avoid bias, tune cuts using randomly selected 1/3 of the data, then

measure bg with remaining 2/3

* A priori identification of bg sources

* Suppress each bg source w/ at least two independent cuts

* Bg cannot be reliably simulated [] measure w/ data by inverting cuts and

measuring rejection

Suppresion method

Source Kinematics | Particle ID | Veto | Timing
K™ = pv(y) (Ku2) v v (v)

Kt = nt7% (Ky2) Vv i

Scattered 71 beam v Vv
CEX Vv Vv

CEX=K'n— K%, ,K) 5 a" (v




Example: K* - m*m° bg
rejection

N 1 1 1 1 I 1 1 1 I 1 1
20 110 1% 130 140
Energy [(May)

an 50 100

180 zoD 220 “230
Momentum (Me¥/c)

Select events with photons, measure Select K* -»11*11° kinematically, measure
rejection of kinematic cuts (P, R, E rejection of photon veto
“bOX, 7)



Analysis strategy (2)

* Verity bg estimates & check for correlations by loosening cuts
and comparing observed and predicted number of events
remaining.

* Construct background functions by varying one cut at a time,
keeping the other inverted. Use them to estimate bg in the signal
region.

* Use MC to measure geometrical acceptance, verify by
measuring BR(K* -11*11°)



Analysis strategy (3)

* Verity bg estimates & check for correlations by simultaneously
loosening both cuts and comparing observed and predicted
number of events remaining. Construct background functions by
varying one cut at a time, keeping the other inverted.
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OTB study & acceptance measurement

* Verify bg estimates & check for correlations by loosening cuts
and comparing observed and predicted number of events
remaining (“‘outside-the-box™ study).

Acceptance measurement:

* Use special background samples o
(with loose trigger) to measure cuts’ bg = BC/D B D
and part of trigger acceptance
* Use signal MC to measure signal region A C
geometrical acceptance cut2
E787 E049 predict T
il o g=8C/0-BC/D 2| B O
Stopped K+ (Ng) 5.9 x 1012 1.8 x 1012 o
mask out box o
Total Acceptance 0.0020 £ 0.0002 | 0.0022 + 0.0002 ond observe = AN o
S.E.S. 0.8 x 1071¢ 2.6 x 10710 _ _
iteide—the—box region
Total Background 0.14 £ 0.05 0.30 £ 0.03
log scale —r
Candidate TRTA | E787C E949A
,5'3' .;.}.)?; 510 T 0.4
W; = 534 0.98 0.88 0.48
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K+ = 11711° TG scatter event



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41

